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論文内容要約 
Chapter 1: General introduction and background  
In this chapter, the background of this study is described. Because of the large driving force by the buoyancy, the large-scale 
natural convection has been the attractive phenomenon for the reduction of the energy consumption and many applications 
using this phenomenon has been developed. In the practical situations, the heat transfer by the large-scale natural convection of 
gas is interacted by the radiative heat transfer. In the small-scale natural convection, the surface radiation becomes dominant 
factor on the natural convection. When the spatial scale becomes larger, the gas radiation also affects the large-scale natural 
convection because the optical thickness becomes thicker. In addition, both of the surface and gas radiation effects has the 
scaling effect on the large-scale natural convection as described by the boundary condition and energy equation for the fluid. 
Due to the high Rayleigh number (Ra) by its large spatial scale, the turbulence will be generated in the large-scale natural 
convection. Therefore, to study the large-scale natural convection of gas, the scaling effect by the thermal radiation on the 
natural convection and the interaction between the thermal radiation and turbulence has to be investigated. 
 Previous researches have concentrated on the radiation effect on the natural convection in the small scale. However, 
the interaction between the thermal radiation and turbulence has not been investigated frequently. To understand the combined 
heat transfer between the natural convection and thermal radiation in the large-scale environment, following objectives are 
determined; 1) evaluation of the turbulence modeling for the natural convection, 2) development of the calculation method of 
the combined heat transfer, 3) evaluation of the surface and gas radiation effects on the large-scale natural convection, and 4) 
experimental evaluation of the radiation effect on the natural convection. 
 
Chapter 2: Evaluation of turbulence modeling for natural convection 
In this chapter, the turbulence modeling for the natural convection is evaluated. To investigate the appropriate sub-grid scale 
(SGS) model for the turbulence in the natural convection, several SGS models are compared under the turbulent natural 
  
convection along the vertical heated plate. From the calculation results, Vreman model can capture the enhancement by the 
turbulent mixing while the other models underestimate or overestimate the heat transfer.  
 By using Vreman model, the turbulence of the natural 
convection in the vertical parallel plates, which has the interaction 
of the boundary layer, is calculated. From the calculation results 
of the natural convection in the vertical parallel plates, the 
turbulence is restrained by the interaction of the velocity boundary 
layer and heat transfer is reduced compared to the case of a single 
vertical heated plate. Figure 1 shows the iso-surface of Q in the 
vertical parallel plates. In the vertical parallel plates, turbulence 
was restrained by the positive velocity at the outer region of the 
velocity boundary layer compared to the vertical plate.  
Chapter 3: Development of calculation method for combined 
heat transfer 
In this chapter, the calculation method for the combined heat transfer is 
developed. From the review, the radiation element method by the ray 
emission model (REM2) and full spectrum k-distribution (FSK) method are appropriate calculation methods for the combined 
heat transfer in the large-scale environment because these models have the advantage of the calculation speed. Using these 
methods, the calculation method for the combined heat transfer has been developed. 
 To evaluate the valdity of the developed calculation method, the laminar natural convection which contains the 
participating media has been investigated and its calculation result is compared with that of the previous research. Comparing 
the calculation result for the laminar natural convection with gray gas or non-gray gas, the present solution shows good 
agreement with the enhancement of the velocity boundary layer and homogenization of the temperature field by the radiation 
effect. From these calculation results, the validity of the developed calculation method is confirmed. 
 
 
Chapter 4: Investigation of the radiation effect on radiation effect on turbulent natural convection by LES 
In this chapter, the radiation effect on the turbulent natural convection in the cubic cavity is investigated using the developed 
calculation method in chapter 2 and chapter 3. To investigate the surface radiation effect on the turbulent natural convection, 
radiative boundary condition at the adiabatic wall is varied. Additionally, to investigate the gas radiation effect on the turbulent 
natural convection, the concentration of the participating media is changed.  
Fig. 1 Iso-surface of Q in the vertical 
parallel plates 
 Figure 2 shows the iso-surface of Q (second 
invariance of the strain tensor) in different radiative boundary 
conditions. When radiative boundary condition becomes the 
black body condition, significant vortex generation is observed 
compared to the specular and diffuse surfaces. Furthermore, in 
the black body condition, temperature stratification in the cubic 
cavity is drastically suppressed by the enhancement of the 
horizontal convection. Comparing the heat transfer of each wall 
condition, the convective heat transfer of all radiative boundary 
conditions have similar values. 
 When the concentration of the participating 
media becomes higher, namely, in the case of the exhaust 
gas, the flow pattern is similar to that of the black body 
condition in the optically thin media although the adiabatic walls are diffuse surface. This result indicates that both of the 
surface and gas radiation affects the flow instability with same manner. Due to the significant absorption of the radiation, the 
vertical velocity boundary layer becomes thicker and positive value of the velocity is observed in the outer region of the 
velocity boundary layer which has long distance from the isothermal walls. Although gas radiation also affects the flow 
instability, the convective heat transfer does not change drastically.  
Chapter 5: Investigation of the radiation effect on radiation effect on turbulent natural convection by LES 
In this chapter 5, the radiative effect on the natural convection has been evaluated using the interferometer.   
 Firstly, to evaluate the validity of the measurement method using the large-aperture phase shifting interferometer, 
the temperature field of the laminar natural convection in the cubic cavity is measured and compared with the calculation 
results. From the comparison, the measured temperature field agrees with the calculation result well and the validity of the 
measurement method is confirmed.  
 To investigate the surface radiation effect on the natural convection, the radiative boundary condition at the top and 
bottom adiabatic in the cavity are varied with the reflective surface and black body condition. By using the phase shifted data 
obtained by the large aperture phase shifting interferometer, phase differences from the top adiabatic wall are compared 
between the reflective surface and black body condition. By comparing the experimental and numerical calculation results, the 
high temperature gradient due to the surface radiation in the black body condition is evaluated 
 To investigate the gas radiation effect on the natural convection, the trifluoromethane gas is used as the participating 
Fig. 2 Iso-surface of Q, (a) non-radiation, (b) black 
body, (c) specular surface, and (d) diffuse surface   
media. Figure 3 shows the time series of the 
interferograms around the heated wall. Observing the 
interferogram around the corner with the heated wall, the 
vortex street along the heated wall and strong horizontal 
convection in the top adiabatic wall, which are predicted 
numerically, are visualized. Comparing the phase 
difference around the center of the cavity, the phase 
difference of the experimental result had similar value 
with the calculation condition including the gas radiation 
effect. From this agreement, the restraining of the 
temperature stratification by the gas radiation effect was 
verified experimentally.  
Chapter 6: General conclusions 
The founding in this study is concluded. Following result 
and knowledge are obtained. 
1. Turbulence modeling for the large-scale natural convection is evaluated. From the calculation result, Vreman model 
shows the good agreement with the heat transfer enhancement by the turbulence. Using Vreman model, the restraining of 
the turbulence and heat transfer for the turbulent natural convection in the vertical parallel plates are clarified. 
2. Calculation method for the combined heat transfer between the natural convection and radiation has been developed. 
Using the developed calculation method, its validity is confirmed comparing the calculation result of the combined heat 
transfer of the laminar natural convection with the previous calculation result. 
3. Conducting the calculation of the turbulent natural convection in the cubic cavity, which contains the participating media, 
the effect of the surface and gas radiation on the turbulence structure, heat transfer, boundary layer are clarified. 
4. Evaluating the radiation effect on the natural convection using the interferometer, the high temperature gradient due to the 
surface radiation and flow instability by the radiation effects are confirmed. 
 
Fig. 3 Time series of interferograms around the heated 
wall 
